Abstract-This paper presents the design considerations and analysis of a double-sided transverse flux machine (TFM) for direct-drive wind turbine applications. The proposed TFM has a modular structure with quasi U-core stators and toroidal ring windings. The rotor is designed with ferrite magnets in a fluxconcentrating setup to achieve high air gap flux density. This paper presents the different aspects of the TFM, taking into consideration the critical geometric parameters affecting the back-EMF waveform, phase inductance, torque density, and power factor. Three-dimensional finite element analysis (3D-FEA) was used to analyze and optimize the critical TFM design parameters to meet the performance specification. A proof-of-concept prototype was developed based on the proposed design considerations. The prototype was experimentally tested at different operating points and the results showed good correlation with the 3D-FEA results.
D
IRECT-DRIVE configurations of electric machines in wind turbines avoid the drawbacks associated with gearing configurations. The concept of a transverse flux machine (TFM) was first introduced in 1885 by Morday [1] . It gained more attention in the late 1980s after it was reintroduced and named as such by Weh [2] - [4] . The major advantage of a TFM compared to a radial flux machine (RFM) and axial flux machine (AFM) is in the decoupling of the space requirement of the stator teeth and the armature conductors. As a result, the magnetic and electrical loading can be set independently, which allows for higher torque densities [5] . However, a TFM suffers from a low power factor and construction complexities [6] .
TFMs are generally divided into two broad categories based on their permanent magnet (PM) position: Surface mounted (SM) and flux concentrated (FC). The machines in [7] - [12] are examples of surface-mounted TFMs. The structure generally has U-core stators wherein the alternate poles are not utilized, resulting in a magnet utilization of 50%. The leakage reactance is also high in this topology of the motor. An exterior stator version of this motor and the use of iron bridges in the stator to increase magnet usage was proposed in [8] , [9] . Svechkarenko et al. [7] further studied this model and compared it to a traditional TFM through three-dimensional finite element analysis (3D-FEA). According to their analyses, TFMs with iron bridges are superior because they increase the magnet utilization by 84%. A different topology with laminated U-core stators and stator bridges, ring windings, and axially magnetized permanent magnet rings was proposed in [10] . Single-sided TFMs with stator bridges and outer rotors were discussed in [11] and [12] . The machine used ring windings and laminated U-shaped stator cores for easier manufacturing. The power factor in these machines was still low due to insufficient magnet usage and leakage flux. Another interesting type of TFM is the Z-TFM, discussed in [13] . In the Z-TFM, surface permanent magnets and alternate intermediate poles are used to maximize magnet usage. The output power of the machine is twice that of a conventional SM-TFM; however, flux leakage and iron losses are much higher in this machine topology. The majority of SM-TFMs used a radial air gap and single stator topology.
FC-TFM is the other widely used type of TFM topology. This type of machine is preferred due to their higher power factor, air gap flux density, and high torque density; however, this type of machine poses a greater challenge in terms of rotor construction. Weh proposed the first double-sided FC-TFM in [14] and [15] . The advantages and disadvantages of different topologies of SM and FC-TFMs were discussed in [16] , where the FC-topology was found to be superior in terms of torque performance and power factor. However, compared to PM based RFM, TFM's suffers from low power factor [17] , [18] . The analysis and comparison in [18] noted that higher ratio of electrical loading to magnetic loading resulted in lowering the power factor. In summary, the literature indicated that FC-TFMs with a double-sided structure attained better performance due to better magnet and space utilization. The use of intermediate poles is another option 0093-9994 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. that was observed to help TFMs magnet utilization. The proposed machine in this paper is a double-sided machine with an axial airgap for ease of construction. The rotor employed FC magnets to attain a high airgap flux density with ferrite magnets. The stator also employed quasi-U shaped stator cores in an intermediate arrangement to maximize magnet utilization. In [21] , the authors presented a 3D-FEA based approach to design the double-sided FC-TFM, which was analytically modeled in [19] , using systematic design considerations. The initial sizing, pole number selection, and pole shaping are discussed in detail. The effect of pole number with respect to magnetic and electrical loading on the machine's torque density, losses, and power factor are presented. The effect of pole pitch on back-emf, cogging torque, and inductance are also analyzed. The study is carried out with a 48-V, 1.2-kW, 400-r/min, single-phase, directdrive wind generator as a base design. The thorough design considerations in this paper provide key insights into the design and operation of ring winding based TFMs. This paper expands the work in [21] by including results from an experimental prototype to further validate the design considerations.
The proposed machine is intended for wind generator systems which are slowly moving away from geared single-speed drives to a direct-drive configuration. A direct-drive configuration increases the system efficiency by avoiding the mechanical losses in the gears [22] . The proposed TFM was designed for the NREL Swift 1 kW wind turbine [23] . The specifications of the turbine are tabulated in Table I .
II. DESIGN CONSIDERATIONS
The structure of the TFM investigated in this paper is shown in Fig. 1 . The direction of the air gap flux is axial, the current is circumferential, and the magnetic flux in stator core is in the transverse direction. The magnets in this machine are arranged to concentrate the flux in the air gap, as shown in Fig. 2 . This magnet arrangement facilitates the use of the costeffective ferrite magnets while maintaining a high air gap flux density. Because the TFMs suffer from high leakages, magnets with orthogonal magnetization are added between the poles to reduce the leakage flux [20] . The rotor structure and the magnet orientations are shown in Fig. 3 .
In this machine, quasi-U-shaped stator cores (see Fig. 4 ) are used on two sides of the rotor with a ring winding through it. This winding arrangement allows the pole numbers to be increased without sacrificing the winding area. The stator cores are arranged so that intermediate poles are utilized. The core in one pole carries the flux from the center rotor to the outer rotor, and the other stator in the intermediate pole carries the flux from the center rotor to the inner rotor. The cores are alternately arranged on both the upper and lower sides. The parameters defining the machine structure is provided in Table II .
A. Initial Sizing
The sizing equation for a single-phase TFM can be given by (1)
where E max and I max are the peak armature winding back-emf voltage and current and K p is the back-emf waveform factor given in (2) . The electromotive force, E, can be expressed as (4) where N is the number of turns; K e is the back-emf factor incorporating the winding distribution factor K and the ratio between the area spanned by the salient poles and the total air gap area; φ is the air gap flux; T is the electrical time period; and f is the frequency of the motor, which is dependent on the number of motor poles and rotational speed. The air gap flux, φ, can be obtained from (4) , where B g is the air gap flux density, D g is the mid-diameter of the air gap and P embrace is the fraction of the pole pitch. Based on the parametric description of the machine, the D g and P embrace can be defined as
These sizing equations can be used to guide the designer when selecting the parameters for an initial design.
B. Pole Number Selection
The homopolar flux path in the stator cores allows for an increase in VA rating of the machine by increasing the pole number for a given machine geometry (outer diameter and axial length), current, and magnetic loading. This can be illustrated by the equation for the electrical loading (A m )
In single phase TFMs, the number of stator and rotor poles are the same. Increasing the pole number reduces the peripheral length of the poles. The amount of flux linking the stator conductor remains the same (neglecting leakage flux), but the rate of change of flux linkage increases, thereby increasing the backemf of the machine for the same mechanical speed; however, increasing the pole number increases the flux leakage, which degrades the power factor, thus setting a limit on the number of poles [4] , as illustrated in Fig. 5 
(a).
It is possible to maintain the same electrical loading by reducing the current and increasing the pole numbers. This would also result in increasing the torque density by reducing the stator mass. The effect of changing the pole numbers on torque density and power factor with the same current loading is investigated, and presented in Fig. 5(b) . Increasing the pole numbers also increases the amount of core losses that affect the motor efficiency, as shown in Fig. 6 .
The core losses are increased due to the higher excitation frequency at rated speed. In the machine with a fixed current, the efficiency drops after a peak because the core loss dominates. However, in the machine with a fixed A m , the ampere turn is reduced to main fixed A m with increased pole numbers resulting in reduced copper losses. Copper losses are the dominant loss factor in the investigated range of pole numbers; therefore, a reduction in copper losses results in an overall efficiency increase even with increased core losses.
C. Effect of Key Design Parameters
Key design parameters and design ratios that affect the machine's torque density and power factor are investigated for different pole numbers. In the previous section, it was observed that the pole numbers for torque density and power factor for the same electrical loading has an optimum point at 30 poles. For ease of demonstration, the next sections would focus on design considerations with 18 poles (minimum from previous analysis), 30 poles (optimum point in previous analysis) and 42 poles (maximum from previous analysis). For improved accuracy, in capturing the effect of each design parameter, the following analysis is carried out in 3D FEA.
Air gap length l g : Decreasing the air gap length increases the average torque of the machine by increasing the back-emf voltage, as shown in Fig. 7(a) . The machine weight is not affected, thus, torque density increases, as shown in Fig. 7(b) . Power factor improves with the small air gap due to lower leakage, as shown in Fig. 7(c) ; however, increased cogging torque and issues with eccentricity limit the minimum air gap length that can be used.
Flux Focusing Factor k f : The magnetic loading of the machine can be changed by changing the air gap flux density. The focusing factor, k f , is determined by the ratio of the magnet face area and the pole face area, as shown in the following:
where B g is the air gap flux density, B m is the magnet residual flux density, A m is the magnet area in the magnetization direction, and A p is the area of the centre pole in the axial face. Based on the machine's geometric description, the focusing factor can be expressed as
The effect of changing the flux-focusing factor on the air gap flux density is shown in Fig. 8 .
Increasing the k f also increases the active weight of the machine; however, the increase in machine torque is more significant, resulting in increased torque density. This effect is more prominent in machines that have high pole numbers, as shown in Fig. 9 . In all of these cases, the electrical loading defined by (7) was kept the same.
Design ratios λ D and k m : To aid the design procedure, a design ratio λ D is introduced as where Di is the inner diameter of the machine and Do is the outer diameter of the machine. This is a popular design ratio in AFMs. The selection of this ratio is a key design step in the design of this topology of machines. In this machine, laminations are stacked together to form the rotors and stators. As a result, to maintain the same flux in the three rotor cores, the pole lengths are selected to be the same, as expressed by
The investigation for the effect of λ D and k m was carried out by keeping the outer diameter fixed. The width of the pole length and magnet length were changed to vary the inner diameter. For a more convenient analysis, a design ratio of k m is introduced as
The effect of changing k m for different λ D on torque density and power factor is presented in Figs. 10-12 for machines with different number of poles. Increasing the λ D results in a decrease in the power factor and torque density. The results indicate a very nonlinear relationship between k m and λ D ; thus, a thorough optimization of these parameters is needed. A particle swarm based optimization was carried out for an optimum design. However, any genetic optimization algorithm could be used. For building the prototype of this TFM, 0.35 mm thick steel laminations would be used. Considering the flux level and degree of saturation in the TFM from FEA simulation, an operat- ing frequency of less than 150 Hz provided acceptable core-loss. The analysis in the previous sections also indicate the jump in performance from 30 pole to 42 pole is not as significant as the jump from 18 to 30 pole. A 30 pole machine operating at an excitation frequency of 100 Hz at the rated speed of 400 r/min strikes an ideal balance between performance and ease of construction and has been selected for further analysis and prototyping. It is found that the optimum λ D for this pole number is at 0.6 for maximum torque density and power factor.
D. Pole Pitch
The back-emf waveform is an important design aspect of PM machines. The permanent magnets in the proposed TFM provide electromechanical coupling between the stator and the rotor; thus, the waveform shape is crucial in the torque production mechanism of permanent magnet machines. The backemf waveform factor is defined by K p in (2) can also be described as
where L m is the magnet width; and K d , K sl , K α , and K w are the distribution, slot, skew, and winding factors, respectively. In radial machines, the winding configuration and stator slot selection play a major role in the back-emf waveform factor. In the proposed TFM, the rotor and stator pole numbers are the same, and ring windings are used; thus, the waveform factor for the proposed machine would take the form as
where W r and W s represent the rotor and stator pole widths, respectively. To observe the effect of W r and W s , the concept of pole embrace, P embrace , is introduced in (6). The stator pole-torotor pole overlap ratio, λ r/s , is introduced in (15) . The effect of changing P embrace and λ r/s on torque density and power factor is shown in Fig. 13 . It can be observed that, as the P embrace is increased, torque density and power factor improve, but with increasing λ r/s , the torque density and power factor deteriorate. The back-emf waveform shape becomes more sinusoidal (k p is decreasing) with increasing P embrace for a fixed λ r/s , as shown in Fig. 14 . The back-emf waveform also becomes more sinusoidal (k p is decreasing) with a higher ratio of λ r/s , as shown in Fig. 15 .
The effect of the pole pitch on both the inductance when stator and rotor are aligned and unaligned is illustrated in Fig. 16 . If the pole embrace is too little, the aligned inductance decreases as expected. Pole embrace beyond optimum point results in greater leakage. This results in lowering the overall aligned phase inductance. This phenomenon is further supported by the plot of unaligned inductance. The higher pole-to-pole leakage at the high pole embrace results in increasing unaligned inductance. A high λ r/s results in lowering the fringing fluxes. As a result, a higher inductance is observed. 
E. Material Consideration
The material used for the construction of the machine heavily influences the choice of the machine parameters. In the case study application, the rated operating speed is 400 r/min. The choice of the number of poles is dependent on this speed. If a high pole number is selected, the operating frequency would be high. The lamination material and thickness places a limit on the pole number. A lamination steel with a thin gauge would allow for higher pole numbers. In this case study, a 29-gauge M19 steel is selected as the lamination steel. The highest acceptable operating frequency was 100 Hz; thus, a 30-pole machine was selected. A lamination steel with better core-loss properties and/or thinner laminations would have facilitated the use of higher pole numbers for this rated speed. Another option for operating at high frequencies is the use of soft magnetic composite materials for the core.
In the case study machine, ferrite magnets are used due to their lower cost and easier handling for prototyping. From the preceding sections, it is clear that increasing magnetic loading improves the torque density and power factor of the machine; thus, magnets with higher remanence flux densities such as NdFeB or SmCo would greatly improve the machine's power factor and torque density. A 30-pole machine's performance with different magnets is shown in Table III . Only the magnet material was changed the rest of the design dimensions were constant. Due to different densities, the weight of rare earth magnets is higher. The price is also higher for rare earth magnets. Due to a volatile nature of pricing the per unit prices per kg is shown for the different materials. Different applications with different requirements would require using different magnets in a particular case.
III. THREE-DIMENSIONAL FEA ANALYSIS OF FINAL DESIGN
Based on these trends and design considerations, a 30-pole, 400-r/min, 1.2-kW machine has been designed. The electromagnetic analysis was performed in Flux 3-D. The model was meshed with second-order elements. The mesh of the model is shown in Fig. 17 . The machine was designed for a maximum flux density below 2 T, as demonstrated by the flux density at the aligned and unaligned positions in Figs. 18 and 19 . The flux direction during the aligned position is shown in Fig. 20 matches with the hypothesis presented in Fig. 2 .
The tangential component of the air gap flux density was analyzed in the middle of the air gap at rated speed under noload condition as shown in Fig. 21 . The RMS value of the air gap flux density waveform is 0.6035 T and it has a total harmonic The torque and current waveforms for the final design are shown in Fig. 24 . A considerable ripple in the torque is observed; however, this is for only one stack of the TFM. Generally, multiple stacks are connected on a single shaft to form a multiphase TFM [10] , [11] . A stacked multiphase version of this machine is ideal for real-world applications. Key parameters are shown in Table IV. 
IV. EXPERIMENTAL VALIDATION

A. Experimental Prototype
The proposed TFM has been prototyped for a proof of concept using laminated steel (M270_35A) for the stator and rotor cores. The physical dimensions of the machine are given in Table IV . The steel was stacked and spot-welded. The rotor was made using laminated steel and ferrite magnets. However, for cost reduction, rectangular shaped magnets are used instead of trapezoidal shaped ones, used in 3D-FEA analysis. Fig. 25 illustrates the different core and magnet shapes. The magnet grade in the experiment was also lower than the value used in FEA. The rotor cores are attached to a nonmagnetic disk made with Aluminum 6061. The disk had a shaft made of carbon steel 14L connected via an interference fit. Fig. 26 illustrates the rotor housing with the shaft and bearing. Radial ball bearings from SKF was found to be sufficient for handling the axial and radial loads.
A holding fixture was built to glue the different rotor pieces to the rotor housing using a two-part epoxy ET 538. The fixture was made from Delrin plastic, which does not react with epoxy. The fixture with and without the rotor pieces is shown in Fig 27. Once the first layer of the rotor is glued, the protruding Delrin in the slots is machined out and the gap filled with the remaining rotor parts as shown in Fig 28. The slots in the fixture were milled using an automated CNC mill with high accuracy. The air gap was smoothed using a precision sanding setup.
The stator cores on the two sides were held in place via aluminum blocks. Slots were cut into the end-plate for precision placement of the stator cores. The cores were stacked and spot welded and held to the endplate via an epoxy as shown in Fig. 29 . The stator cores were then covered with fiberglass for insulation and then windings were placed in the core.
The complete rotor assembly is shown in Fig. 30 and the fully assembled prototype machine is shown in Fig. 31 . The machine was connected together with four rods, bolted at both ends of the housing. The machine was developed to achieve variable airgap. The airgap was adjusted by changing the location of the nuts on the four rods. The location of the bearing was also adjustable. This helped to test the proof of concept machine at multiple air gap lengths for verification with the 3D-FEA simulations.
In case of multistage versions, the manufacturing process would be slightly different. The endplates in the inner stators of multi-stage structure would have to have stators on both sides and also be suitably isolated. The rotor, in that case, would have to be mounted on a hub and a shaft that would be connected to the rotor stage by stage. After one stator, one rotor and its corresponding hub would be inserted. The shaft would then be added to it and the second stator then placed. This would be repeated until the number of stages for achieving a three phase machine is reached. The assembly of the multi stage version would be difficult but the modularity would enhance fault tolerant characteristics.
B. Validation With Proof of Concept Machine
The test setup for the prototype is shown in Fig. 32 . The machine was connected to the PMSM motor and was controlled via a dSpace controller and two full bridge dc/ac inverter. The experimental setup up allowed either the PMSM or the TFM to be current controlled. For no-load and generator operations the PMSM was speed controlled using field oriented control and the TFM were open-circuited (for no-load test) or loaded via a passive diode bridge rectifier and programmable dc-load.
The no-load test for the prototype TFM was carried out at different air gap lengths, and the back-EMF and peak cogging torque at those operating points were compared with 3D-FEA. The FEA simulation was adjusted to match the remnant flux density of the magnets in the air gap, the simplified magnet shape, and airgap lengths. The results for back-EMF at different air gap lengths are shown in Fig. 33 . The rms values and THD of the voltages from experiments are given in Table V . The peak cogging torque data from both the experiment and 3D-FEA are compared in Table VI. There is a good correlation between the 3D-FEA and experimental results for the no-load back-EMF at different air gap length. The back-EMF voltage increased with decreasing air gap, due to a decrease in flux leakage. The peak cogging torque results have around 15% difference between the experimental and 3D-FEA data, but they follow the same trend with different air gaps. The back-emf of the machine at different rotor speed as shown in Fig. 34 was measured to be linear as expected. Due to high cogging torque, the machine was primarily tested at an airgap of 2.25 mm as a generator by being connected to a resistive load through a diode bridge. The phase currents and voltage at 800 r/min while generating 91.5 W is shown in Fig 35. The THD of current and voltage waveforms were found to be 0.075 and 0.35, respectively. The high leakage and low power factor of the machine resulted in high THD in uncontrolled rectified voltages. The machine was then tested as a motor with current regulation in the phases. In this case, the TFM was speed controlled and PMSM was connected to a programmable dc load via a passive rectifier to act as the load. A dual band hysteresis current control was employed in the controller as shown in Fig. 36 .
The phase current at 40% of the rated current is shown in Fig. 37 . The variation of the torque as a function of the phase RMS current is shown in Fig 38. A hysteresis current regulator was used for current regulation. The load motor was loaded via a diode rectifier connected to a dc motor in this case.
The experimental results for torque against RMS current, show some discrepancy at lower values of current with 3D-FEA results. The difference at low currents values is due to the presence of switching harmonics in the experimental current. With increased loading, the correlation between 3D-FEA and experimental data gets better as the switching harmonics get less significant. Overall, the prototype machine demonstrated a good co-relation between the 3D-FEA simulation and experimental data.
The machine was then tested at different speeds at an airgap of 1.25 mm. The power versus RMS currents at different speeds for the machine is shown in Fig. 39 . The machine was operated with current control. The proposed machine utilizes ferrite magnets and thus the power factor is on the low side as demonstrated by Fig. 40 .
The experiments verify the feasibility and performance potential of the proposed machine. The copper resistance in the experiment was higher by approximately 5 times as the slot fill was much lower due to the winding assembly method employed in this proof of concept machine. Thus, efficiency data would also be scaled down considerably. Improved manufacturing techniques and use of designed materials would result in a better performance of the machine. 
V. CONCLUSION
This paper presented the design and analysis of a modular, single-phase, double-sided TFM for direct-drive wind turbine application. The flux-concentrating setup used in the rotor facilitates the use of low-cost ferrite magnets to maintain a high air gap flux density. The paper presented the effect of critical geometric parameters on the back-EMF waveform, phase inductance, torque density and power factor of the proposed TFM. It was observed that the pole embrace is a crucial factor in shaping the back-emf in TFMs using ring windings. The design considerations were used to design a 1.2 kW machine. A prototype of the proposed TFM was developed and experimentally tested at different operating points and physical airgap. The experimental results showed good correlation with 3D-FEA and validated the 3D FEA model used in analyzing the motor.
